It often appears to be the consensus that the longer the optical path in a laser-absorption experiment, the higher the sensitivity [1] [2] [3] . Indeed, from the Beer-Lambert-law point of view this seems justified. The classical approach to path length enhancement is the use of multipass absorption cells (MPCs) [4, 5] . There, the laser beam enters the MPC through a hole in the front mirror and, after being reflected N times, generally exits the MPC through the same hole (at an inverted angle) when fulfilling the reentrant condition. For a large volume MPC, Richard et al. [6] have achieved 252 m path length with N ¼ 454.
In smaller volume cells, the maximum number of passes is usually lower, such as N ¼ 238 and 76 m path length for the commercially available AMAC-76 (Aerodyne Research, Inc., USA).
Cavity-enhanced absorption techniques have gained attention due to their potential to achieve very long effective optical path lengths of up to several kilometers [1, 3, [7] [8] [9] . Off-axis integrated cavity output spectroscopy (OA-ICOS) is a particularly interesting approach due to its mechanical robustness and relatively simple alignment [1, 9] . In an OA-ICOS experiment two spherical (or slightly astigmatic) mirrors with high reflectivity, R, are aligned vis-à-vis to form an optical resonator of base length L. The laser beam with optical power P 0 (the bar denotes an average value) is injected into the cavity through one of the mirrors in an off-axis alignment. Inside the cavity, a high number of cavity modes is excited, and, similar to multipass cells, the spots on the mirrors either form a circle (spherical mirrors) or a Lissajous pattern (astigmatic mirrors) [10] . This reduces the free spectral range (FSR) of the cavity proportional to the number of excited cavity modes. Then, the spectral linewidth of the laser is much larger than the cavity FSR, and the transmission spectrum of the empty cavity becomes a continuum, i.e., the cavity is assumed to be nonresonant. The laser radiation leaking out of the rear mirror is collected and focused onto a detector to record the cavity transmission.
By discussing electronic and photon noise defining the signal-to-noise ratio (SNR), two findings will be shown: (1) the highest SNR is not generally achieved at the highest effective path length, a fact that has only briefly been discussed before [9] ; (2) similar limits of detection may be achieved with much shorter path lengths using tunable diode laser absorption spectroscopy (TDLAS).
The effective optical path length, l, in OA-ICOS is the product of the cavity-base length, L, and the gain factor, G ¼ 1=ð1 − RÞ, i.e., l ¼ LG [9] . Assuming the cavity to be in steady state, the optical power at the detector in the absence of an absorber is P opt ¼ P 0 T M C p =ð2GÞ [1] . Here the factor 2 accounts for laser radiation leaking out through both cavity mirrors; T M is the mirror transmission (0…1), and C p is a spatial coupling parameter (0…1) [1] . In the presence of an absorber with singlepass absorption, Aðν 0 Þ ¼ 1 − exp½−αðν 0 ÞL, the absorbed power at the absorption line center is [11] 
An equivalent description can be made for a TDLAS experiment using a two-mirror MPC [12] . With mirror reflectivity R and base length L, the power on the detector after N passes in the absence of an absorber is P opt ¼ P 0 R ðN−1Þ . According to the Beer-Lambert law, in the presence of an absorber the absorbed power at line center is
In both cases the transmitted optical power at line center is
The noise in any photon-detection system, here quantified as variance of the power fluctuations, δP 2 , at the detector in a certain measurement bandwidth, Δf , can be described by three contributions [13] . (1) Dark noise, δP 2 dark Δf , of the detector, preamplifier, and subsequent electronics, which is due to e.g., the thermal noise of resistors, the noise of the detector dark current, as well as noise from the preamplifier power supply. The variance of all three contributions is added to the total noise variance δP 2 . In the presence of an absorber, P opt is replaced by P T , and δP 2 can be expressed as [14] 
An OA-ICOS cavity can be thought of as a low-pass filter for (fast) optical fluctuations originating from the laser source. The 3 dB bandwidth of the cavity is Δf cavity ¼ 1=ð2πτ RD Þ [1] , where τ RD ¼ l=c is the characteristic cavity ringdown time. Thus, for OA-ICOS, RIN has to be considered in the Δf cavity bandwidth if Δf cavity < Δf .
The SNR for a laser spectrometer is defined as the ratio of absorption signal and noise
For its quantification, noise measurements were carried out using the setup depicted in Fig. 1(a) . A constant laserinjection current, I LD , was provided by a low-noise laser driver (ITC102, Thorlabs, Inc., USA) to a fiber-pigtailed distributed-feedback laser diode (LD) emitting at ν 0 ¼ 7184 cm −1 (λ 0 ¼ 1:392 μm) (NLK1E5E1AA, NTT Electronics, Japan). At I LD ¼ 120 mA and T LD ¼ 25°C, P 0 ¼ 20 mW was measured. The uncollimated laser beam was guided onto an InGaAs photodiode (PD) fitted with a transimpedance amplifier (TIA) (PDA400, Thorlabs, Inc., USA, S ¼ 0:88 A=W, R F ¼ 1:5 × 10 4 V=A, Δf ¼ 10 MHz), and P opt was measured at various distances, d, between fiber tip and PD. The optical power at the detector was inferred from the measured voltage (DC component U, AC component u rms ) at the output of the TIA using its feedback resistance, R F , and the detector responsivity, S by P ¼ U=ðR F SÞ. Figure 1( A model for the SNR in both OA-ICOS and TDLAS was derived based on Eqs. (1)-(4). Therein, the baselength of both the OA-ICOS cavity and the MPC is L ¼ 0:3 m, and the single-pass absorption is set to Aðν 0 Þ ¼ 1 × 10 −5 . Probing a water (H 2 O) absorption line at ν 0 ¼ 7183:685 cm −1 , this corresponds to a volume-mixing ratio of ≈20 ppmv at a gas pressure of 50 hPa and a temperature of 30°C. The laser output power is again P 0 ¼ 20 mW. For OA-ICOS, both T M ¼ 1 and C P ¼ 1 is assumed. In the calculations, the mirror reflectivity, R, is varied, leading to a variation of effective optical path length and transmitted power on the detector. For TDLAS, R ¼ 0:99 (dielectric coating) is assumed, and N is varied to achieve different path lengths. As with OA-ICOS, ideal coupling of the laser beam to the MPC is assumed for TDLAS. Figure 2 depicts the calculated SNR using the measured specifications of the near-IR laser and PDA400 (Thorlabs, Inc.) detector for OA-ICOS (solid line 1) and TDLAS (dashed line 2). For both techniques, the SNR is increased with increasing absorption path length, l, until a certain maximum (SNR max ) is reached. Because of the relatively high power incident on the detector for TDLAS, P opt at the maximum SNR is attenuated to 90% of the full-scale specification of the detector to avoid saturation. The increase in SNR for OA-ICOS is explained as follows: the fractional absorption is enhanced with increasing path length. Despite a reduction of P opt incident on the detector, this yields a constant P A . Furthermore, Fig. 2 . Calculated SNR. OA-ICOS, solid lines 1 (PDA400) and 3 (PDA10DT) for 2 is reduced due to the lower P T at increasing l [Eq. (3)]. The steeper increase in SNR for TDLAS is due to the increase in P A with increasing l. In both cases, increasing l beyond the optimum reduces the SNR, because then P A is reduced. The results presented are only valid for the configurations discussed, because they are based on specific noise characteristics. However, the methods provided are straightforward and can readily be applied to any other configuration.
It should be pointed out that the overall performance of a spectrometer, independent of the technique used, also depends on additional limiting effects. In practice, OA-ICOS mirrors have slight absorptive losses (T M < 1), and the setup may show imperfect spatial coupling (C p < 1), e.g., when only a fraction of the laser radiation can be focused on the detector [9] . Both effects reduce the power incident on the detector and thus SNR. Also, unwanted time-dependent interference structures superimposed on the measured spectra or the quality of the fit algorithm may affect the performance of a laser spectrometer, because signal averaging may not effectively enhance SNR due to systematic drift [9, 15] .
Especially in the mid-IR spectral region, detectors show higher NEP [9] , which reduces the SNR of OA-ICOS to a greater extent than that of TDLAS. On the other hand, mid-IR lasers such as quantum-cascade lasers may reveal higher RIN [16, 17] , which plays a more important role in TDLAS. Given a similar RIN, higher laser power will enhance the SNR more in OA-ICOS than in TDLAS.
